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Diamond N-Type Semiconductor, Method of Manufacturing the Same, 

Semiconductor Device, and Electron Emitting Device 
Technical Field 

[0001] The present invention relates to a diamond n-type semiconductor, 
a method of manufacturing the same, a semiconductor device 
employing the diamond n-type semiconductor, and an electron emitting 
device employing the diamond n-type semiconductor. 
Background Art 

[0002] Power devices such as SCR, GTO, SIT, IGBT, and MISFET 
employing semiconductor materials have been manufactured while 
using n- and p-type semiconductors. It is important for these power 
devices to not only control their carrier concentrations, but also form a 
very high carrier concentration and lower their resistance. This is 
because their contact resistance to electrode metals for supplying a 
current is preferably as low as possible. Therefore, n + and p + layers 
have conventionally been formed by high-concentration doping, so as to 
realize an ohmic characteristic with a low resistance to metal layers 
through thus formed layers. The n + and p + layers may be formed by 
epitaxial growth or by forming a metal or the like and dispersing 
elements by annealing. They may also be formed by ion implantation. 
However, there are many wide-gap materials which cannot realize low- 
resistance n- and p-type layers. In this case, low contact resistance 
cannot be realized. 

[0003] The low-resistance n-type layers not only determine 
characteristics of semiconductors, but also greatly affect electron 
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emitting devices employable in displays, electron guns, fluorescent 
tubes, and vacuum tubes. In particular, they tend to lower the electron 
affinity in wide-gap materials, so that materials having a smaller work 
function can be obtained when formed with an n-type layer, which are 
hopeful as an electron emitting material. If their carrier concentration 
is low, however, electrons cannot fully be accumulated even when 
biased, so that the bias applying effect cannot be utilized effectively, 
whereby electron emissions cannot be made easier. 
[0004] As in the foregoing, semiconductors having a high carrier 
concentration (electron concentration in particular) are important when 
employed for either semiconductors or electron emissions. 
[0005] In diamond, high-concentration doping of n-type 
semiconductors has been difficult, while very-high-concentration 
doping of p-type semiconductors has been easy. Though low- 
concentration n-type semiconductors can be realized by P (phosphorus) 
doping or S (sulfur) doping, it has been very difficult to raise the doping 
concentration thereof. Namely, these elements are greater than C 
(carbon) which is an atom constituting diamond, and are harder to be 
incorporated at the time of crystal growth. Even when high- 
concentration doping is achieved, the crystallinity of diamond is 
expected to break down greatly, thereby raising the resistance on the 
contrary. Even when the crystallinity is kept, defects may occur. In 
this case, mobility is expected to decrease, thereby raising the resistance 
as well. High-concentration doping by ion implantation has been tried, 
but failed since the crystallinity has been very hard to restore because of 
irradiation damages caused by a high dosage of ion implantation. 
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[0006] In such a case, it is even uncertain whether the resulting 
diamond semiconductor is of n-type or not. When diamond breaks 
down its crystallinity or incurs a defect, however, a pi bond may occur 
in carbon, thereby yielding metallic conduction even at a low resistance. 
Therefore, it is important to determine whether the diamond 
semiconductor is of n-type or not and verify that the diamond 
semiconductor is of n-type. Metallic conduction in a crystal is not so 
important, since this means a greater work function. On the other hand, 
n-type indicates that carriers are conducted in an area sufficiently close 
to a conduction band, which makes diamond important as a 
semiconductor device and an electron emitting device. 
[0007] Known as examples of conventional diamond semiconductors 
are those disclosed in Patent Documents 1 to 3 and Non-patent 
Documents 1 to 4. Patent Documents 1 and 2 disclose diamond 
semiconductors in which diamond substrates are combined with P- and 
S-doped films, respectively, in a vapor phase. Patent Document 1 and 
Non-patent Document 1 disclose diamond semiconductors doped with 
large amounts of N (nitrogen) and B (boron) as n- and p-type dopants, 
respectively. Each of Non-patent Documents 2 and 3 discloses the 
combining of a diamond {111} substrate with a P-doped film in a vapor 
phase. Non-patent Document 4 discloses the combining of a diamond 
{100} substrate with an S-doped film in a vapor phase. 
Patent Document 1 : Japanese Patent Publication No. 1704860 
Patent Document 2: Japanese Patent Publication No. 2081494 
Patent Document 3: Japanese Patent Publication No. 3374866 
Non-patent Document 1 : Shiomi et al., JJAP, Vol. 30 (1991), p. 1363 
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Non-patent Document 2: Teraji et al., New Diamond, Vol. 17, No. 1 
(2001), p. 6 

Non-patent Document 3: Koizumi et al., Appl. Phys. Lett., Vol. 71, No. 
8 (1997), p. 1065 

Non-patent Document 4: Gamo et al., New Diamond, Vol. 15, No. 4 
(1999), p. 20 

Disclosure of the Invention 

Problem to be Solved by the Invention 

[0008] The inventors studied conventional diamond n-type 
semiconductors in detail and, as a result, have found the following 
problem. Namely, the conventional diamond n-type semiconductors 
have a low carrier concentration at room temperature, while the amount 
of change in carrier concentration is very large in a temperature region 
from room temperature to a high temperature. Consequently, the 
amount of change in resistance value is very large. In diamond doped 
with P, for example, the carrier concentration is usually on the order of 
10 cm to 1 0 cm" at room temperature and on the order of 1 0 cm" 
to 10 18 cm" 3 at a high temperature of 500°C. When applying the 
diamond n-type semiconductors to semiconductor devices and electron 
emitting devices, such a characteristically large change in carrier 
concentration caused by temperatures prevents these devices from 
favorably operating in a wide temperature range. In other words, the 
diamond n-type semiconductors having such a characteristic are 
remarkably restricted in terms of their applicability to various devices. 
[0009] For solving the problem mentioned above, it is an object of the 
present invention to provide a diamond n-type semiconductor in which 
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the amount of change in carrier concentration is fully reduced in a wide 
temperature range, a method of manufacturing the same, a 
semiconductor device employing the diamond n-type semiconductor, 
and an electron emitting device employing the diamond n-type 
5 semiconductor. 

Means for Solving Problem 

[0010] For solving the above-mentioned problem, the diamond n-type 
semiconductor according to the present invention comprises a first 
diamond semiconductor having n-type conduction. In this diamond 

10 semiconductor, a conductor exhibits an electron concentration 

negatively correlated with temperature in a temperature range of at least 
100°C within at least the temperature region from 0°C to 300°C. 
[0011] In the diamond n-type semiconductor according to the present 
invention, there is a temperature region in which the electron 

15 concentration, i.e., carrier concentration, of a conductor is negatively 

correlated with temperature. Here, the carrier concentration negatively 
correlated with temperature means that the carrier concentration 
becomes lower as the temperature is higher. Since the carrier 
concentration is negatively correlated with temperature over a 

20 temperature range of at least 100°C within at least the temperature 

region from 0°C to 300°C, the amount of change in carrier 
concentration in a wide temperature range is smaller than that in the 
conventional diamond n-type semiconductors whose carrier 
concentration is always positively correlated with temperature. The 

25 negative correlation appearing in the temperature region from 0°C to 

300°C is very useful in terms of applications of the diamond n-type 
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semiconductor. This is because the above-mentioned temperature 
region is typically included in temperatures at which semiconductor 
devices and electron emitting devices are used. Therefore, the 
diamond n-type semiconductor according to the present invention can 
widely be applied to various semiconductor devices and electron 
emitting devices. Here, the amount of change in carrier concentration 
refers to the difference between the maximum and minimum values of 
carrier concentration in a given temperature range. Specifically, the 
amount of change in carrier concentration in the temperature range from 
0°C to 500°C is less than 3 digits, more preferably less than 1 digit. 
[0012] Preferably, in the first diamond semiconductor, the conductor 
exhibits a Hall coefficient positively correlated with temperature in a 
temperature range of at least 100°C within at least the temperature 
region from 0°C to 300°C. In the diamond n-type semiconductor 
according to the present invention, the Hall coefficient of the conductor 
is proportional to the reciprocal of the electron concentration, i.e., 
carrier concentration. Namely, the Hall coefficient of the conductor is 
positively correlated with temperature when the carrier concentration of 
electrons is negatively correlated with temperature. When the Hall 
coefficient of the conductor is positively correlated with temperature 
over a temperature range of at least 100°C within at least the 
temperature region from 0°C to 300°C, the amount of change in Hall 
coefficient in a wide temperature range is smaller than that in the 
conventional diamond n-type semiconductors in which the conductor 
always exhibits a Hall coefficient negatively correlated with 
temperature. Here, the amount of change in Hall coefficient refers to 
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the difference between the maximum and minimum values of Hall 
coefficient in a given temperature range. Specifically, the amount of 
change in Hall coefficient in the temperature range from 0°C to 500°C 
is preferably less than 3 digits, more preferably less than 1 digit. 
5 [0013] When a multilayer structure with an n-type layer having a donor 

element concentration lower than that of the first diamond 
semiconductor is formed by using the first diamond semiconductor, a 
higher carrier leaking effect from the first diamond semiconductor to the 
n-type layer is obtained. 

10 [0014] In particular, it will be preferred if the temperature range exists 

over at least 200°C within the temperature region from 0°C to 300°C. 
When the carrier concentration is negatively correlated with temperature 
over such a temperature range of 200°C or more while the Hall 
coefficient of the conductor is positively correlated with temperature, 

15 the amount of change in carrier concentration in a wide temperature 

range becomes sufficiently small. 

[0015] Preferably, the first diamond semiconductor has a resistivity of 
500 flcm or less at least at a temperature within the temperature region 
from 0°C to 300°C. When this diamond n-type semiconductor is 

20 employed in a semiconductor device or electron emitting device, its 

contact resistance to an electrode metal which supplies a current to the 
device becomes smaller, since a sufficiently low resistivity of 500 £2cm 
is exhibited in a temperature region in which the Hall coefficient is 
positively correlated with temperature while the carrier concentration is 

25 negatively correlated with temperature. 

[0016] Preferably, the electron concentration of the first diamond 
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semiconductor is always at least 10 cm in the temperature region 
from 0°C to 300°C. When this diamond n-type semiconductor is 
employed in an electron emitting device, its bias applying effect 
becomes remarkable, since the electron concentration is always at least 
10 cm" in a temperature region in which the Hall coefficient is 
positively correlated with temperature while the carrier concentration is 
negatively correlated with temperature, i.e., the minimum value of 

16 —3 

carrier concentration in this temperature region is at least 10 cm , or 
the maximum value of Hall coefficient is 6.25 x 10 C"cm in this 
temperature region, whereby a favorable electron emission 
characteristic is obtained. 

[0017] The first diamond semiconductor may contain more than 5 x 
10 cm in total of at least one kind of donor element. Doping with at 
least one kind of donor element by a total amount of more than 5 x 10 19 
cm -3 can favorably manufacture a diamond n-type semiconductor 
having a sufficiently high carrier concentration. When growing 
diamond in a vapor phase, a hydrogen gas and a gas containing carbon 
are introduced as materials into a synthesizing apparatus (chamber) 
which is held at a pressure on the order of 1.33 x LO'Pato 1.33 x 10" Pa, 
and high energy is applied to them, so as to generate active species such 
as radicals and ions including those of hydrogen and carbon, and 
diamond is grown such that the sp bond of carbon is always kept on a 
substrate. The temperature in the surroundings of the substrate at the 
time of growth is at least 600°C, while gas flows in the chamber are 
designed such that the active species efficiently reach the substrate 
surface. However, high-concentration doping is difficult even when a 
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doping gas containing a donor element is similarly introduced into such 
an apparatus. This is because such gases begin to decompose at a 
temperature lower than 600°C, so that only a very small amount of 
donor elements are transported onto the substrate, whereas the rest 
adhere to chamber walls or are let out of the chamber. Such a loss is 
detrimental to high-concentration doping in the case of donor elements 
having a low doping efficiency because of their large atomic radius. 
The inventors conducted diligent studies and, as a result, have 
manufactured diamond containing more than 5x10 cm in total of at 
least one kind of donor element by optimizing the doping gas 
introduction, e.g., by supplying the doping gas into the chamber from a 
gas inlet provided at a substrate support table such that the position for 
introducing the doping gas into the chamber is placed very close to the 
substrate, keeping the piping cooler than a temperature where the 
doping gas decomposes, and so forth, in order for the donor element to 
reach the substrate by a large amount while growing diamond on the 
substrate. 

[0018] Preferably, the donor element is an element containing at least P. 
By thus containing at least P as a donor element, the first diamond 
semiconductor further remarkably exhibits the above-mentioned effect 
of being able to favorably manufacture a diamond n-type semiconductor 
having a sufficiently high carrier concentration. 

[0019] The donor element may be an element containing at least S. 
By thus containing at least S as a donor element, the first diamond 
semiconductor also further remarkably exhibits the above-mentioned 
effect of being able to favorably manufacture a diamond n-type 
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semiconductor having a sufficiently high carrier concentration. 
[0020] The first diamond semiconductor may contain an impurity 
element other than the donor element together with the donor element. 
Thus doping with the donor element while introducing an impurity 
element other than the donor element is effective in enabling very-high- 
concentration doping with the donor element while keeping the 
crystallinity of diamond from deteriorating. 

17 

[0021] The first diamond semiconductor may contain at least 1 x 10 
cm" 3 of Si as the impurity element. By thus containing at least 1 x 10 17 
cm" 3 of Si as the impurity element, the first diamond semiconductor 
further remarkably exhibits the above-mentioned effect of enabling 
very-high-concentration doping with the donor element while keeping 
the crystallinity of diamond from deteriorating. This effect appears at 
a P/C (ratio between the number of phosphorus atoms and the number 
of carbon atoms) of at least 5,000 ppm in a vapor phase when making a 
P-doped diamond semiconductor by vapor-phase growth. 
[0022] Preferably, the first diamond semiconductor is monocrystal 
diamond. This yields a diamond n-type semiconductor having a 
particularly excellent characteristic as an n-type semiconductor in 
comparison with the case with polycrystal diamond. 
[0023] The diamond n-type semiconductor according to the present 
invention may further comprise a second diamond semiconductor 
provided adjacent to the first diamond semiconductor and turned out to 
be n-type. Preferably, in the second diamond semiconductor, a 
conductor exhibits an electron concentration not negatively correlated 
with temperature and a Hall coefficient not positively correlated with 
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temperature. In this case, carriers leak (disperse) from the first 
diamond semiconductor into the second diamond semiconductor 
adjacent thereto, thereby increasing the carrier concentration of the 
whole diamond n-type semiconductor comprising the first and second 
diamond semiconductors. The present invention yields a particularly 
strong carrier leaking effect, since the carrier concentration of a 
diamond semiconductor is negatively correlated with temperature while 
the Hall coefficient of the conductor is positively correlated with 
temperature as mentioned above. Here, the first and second diamond 
semiconductors are those having characteristics different from each 
other. For example, the second diamond semiconductor is a 
conventional diamond semiconductor. 

[0024] The semiconductor device according to the present invention is 
at least partly constituted by the diamond n-type semiconductor having 
the structure mentioned above (the diamond n-type semiconductor 
according to the present invention). This yields a semiconductor 
device which can favorably operate in a wide temperature range. The 
diamond n-type semiconductor is employable in a contact part with 
respect to an electrode metal in a semiconductor device, for example. 
This realizes favorable ohmic contact. 

[0025] In the electron emitting device according to the present 
invention, at least an electron emitting part is constituted by a diamond 
n-type semiconductor having the structure mentioned above (the 
diamond n-type semiconductor according to the present invention). 
This yields an electron emitting device which operates favorably over a 
wide temperature range. This also makes it possible to realize an 
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electron emitting device having a high electron emitting property. 
[0026] The method of manufacturing a diamond n-type semiconductor 
according to the present invention comprises the step of epitaxially 
growing the first diamond semiconductor on a diamond substrate while 
artificially introducing an impurity element other than a donor element 
to the diamond substrate. This can yield a diamond n-type 
semiconductor doped with a large amount of the donor element while 
preventing the crystallinity of diamond from deteriorating greatly. 
Here, artificially introducing the impurity element is meant to exclude 
cases where impurities other than the donor element mingle naturally or 
accidentally. By forming the first diamond semiconductor while 
artificially introducing a distortion or defect into a crystal, this 
manufacturing method can also yield a diamond n-type semiconductor 
doped with a large amount of the donor element. 

[0027] The impurity element introduced to the diamond substrate in the 
method of manufacturing a diamond n-type semiconductor according to 
the present invention is preferably Si. When Si is used as the impurity, 
the above-mentioned effect of yielding a diamond n-type semiconductor 
doped with a large amount of the donor element while preventing the 
crystallinity of diamond from greatly deteriorating is exhibited further 
remarkably. 

[0028] Such techniques of artificially introducing an impurity element 
other than the donor element and artificially providing a crystal 
distortion or crystal defect contradict the aimed direction of the prior art 
for ameliorating the crystallinity of diamond by raising its purity, and 
are discoveries obtained as a result of diligent studies by the inventors. 
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Even when the prior art enables high-concentration doping with P or S 
as a donor element, such an element is greater than carbon which is a 
constituent atom of diamond, so that crystal lattices may be distorted, 
thus deteriorating the crystallinity. When the crystallinity of diamond 
breaks down or a defect is introduced into a crystal, its electric 
resistance may rise. Though the electric resistance may decrease when 
the introduced defect graphically includes a pi bond, its conductivity is 
metallic, so that it is not turned out to be n-type by 
measurement/evaluation. 

[0029] For making a state which is turned out to be n-type and allows 
electricity to flow, it will be sufficient if a conductive level is formed 
near a donor level without breaking down the crystallinity of diamond 
even when doped with a large amount of P or S. In this case, a point 
defect or the like is introduced into the crystal, so that electric 
conduction is possible by mechanisms such as hopping and other defect 
bands at an in-gap level. The inventors have obtained a discovery that 
such a conduction mechanism can be realized in a very simple manner 
when doping with a donor element is performed while introducing an 
impurity other than the donor element or providing a crystal distortion 
or crystal defect as mentioned above. 

[0030] The present invention will be more fully understood from the 
detailed description given hereinbelow and the accompanying drawings, 
which are given by way of illustration only and are not to be considered 
as limiting the present invention. 

[0031] Further scope of applicability of the present invention will 
become apparent from the detailed description given hereinafter. 
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However, it should be understood that the detailed description and 
specific examples, while indicating preferred embodiments of the 
invention, are given by way of illustration only, since various changes 
and modifications within the spirit and scope of the invention will be 
apparent to those skilled in the art from this detailed description. 
Effect of the Invention 

[0032] The present invention realizes a diamond n-type semiconductor 
in which the amount of change in carrier concentration is fully reduced 
in a wide temperature range, a method of manufacturing the same, and a 
semiconductor device and electron emitting device using the diamond 
n-type semiconductor. 
Brief Description of the Drawings 

[0033] Fig. 1 is a sectional view showing the structure of a typical 
embodiment of the diamond n-type semiconductor according to the 
present invention; 

Fig. 2 is a view for explaining a carrier leaking effect; 

Fig. 3 is a graph showing measurement results concerning the 
temperature dependency of carrier concentration in a sample 
manufactured as the diamond n-type semiconductor according to the 
present invention; 

Fig. 4 is a graph showing measurement results concerning the 
temperature dependency of Hall coefficient in the sample manufactured 
as the diamond n-type semiconductor according to the present 
invention; 

Fig. 5 is a graph showing measurement results concerning the 
temperature dependency of resistivity in the sample manufactured as the 



14 



FP04-0430-00 



diamond n-type semiconductor according to the present invention; 

Fig. 6 is a photograph showing an electron emitting part in an 
electron emitting device employing the diamond n-type semiconductor 
according to the present invention; 

Fig. 7 is a table showing conditions under which phosphorus- 
doped layers were synthesized and measurement results of the Hall 
effect in a plurality of samples manufactured as diamond n-type 
semiconductors according to the present invention; 

Fig. 8 is a table showing conditions under which phosphorus- 
doped layers were synthesized when Si was supplied by a gas, Si atom 
concentrations in SIMS results, and measurement results of Hall effect 
in a plurality of samples manufactured as diamond n-type 
semiconductors according to the present invention; and 

Fig. 9 is a table showing conditions under which phosphorus- 
doped layers were synthesized when Si was supplied by a solid, Si atom 
concentrations in SIMS results, and measurement results of Hall effect 
in a plurality of samples manufactured as diamond n-type 
semiconductors according to the present invention. 
Description of the Reference Numerals 

[0034] 1, 2- - diamond n-type semiconductor; 10- -diamond substrate; 
12 -first diamond semiconductor layer; and 14a, 14b- - second diamond 
semiconductor layer. 

Best Modes for Carrying Out the Invention 

[0035] In the following, embodiments of the diamond n-type 
semiconductor, method of manufacturing the same, semiconductor 
device, and electron emitting device according to the present invention 
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will be explained in detail with reference to Figs. 1 to 9. In the 
explanation of the drawings, constituents identical to each other will be 
referred to with numerals identical to each other without repeating their 
overlapping descriptions. Ratios of dimensions in the drawings do not 
always coincide with those explained. 

[0036] The area (a) shown in Fig. 1 is a sectional view showing the 
structure of a first embodiment of the diamond n-type semiconductor 
according to the present invention. The diamond n-type 
semiconductor 1 according to the first embodiment comprises a 
diamond substrate 10 and a first diamond semiconductor layer 12. 
Monocrystal diamond is used as the diamond substrate 10. Though a 
heteroepitaxial substrate or highly-oriented polycrystal film is also 
usable as the diamond substrate 10, monocrystal diamond is more 
preferably used. The first diamond semiconductor layer 12 is formed 
on a main surface SI of the diamond substrate 10. The first diamond 
semiconductor layer 12 is preferably formed by plasma CVD of 
microwaves in an apparatus having optimized its dopant gas 
introduction, because of its favorable donor concentration controllability. 
Other forming methods may also be used, however. Here, P 
(phosphorus) or S (sulfur) is used as the donor element, for example. 
Though hydrides such as phosphine (PH 3 ) and hydrogen sulfide (H 2 S) 
are favorably usable as a material for the donor element, organic 
compounds containing alkoxides, halides, oxides, and the like are also 
be usable. The surface orientation of the main surface SI is preferably 
{111} and {100} when the donor element is P and S, respectively. A 
{111} surface may finely be formed on a {100} substrate by an 
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appropriate processing technique, so as to yield the main surface SI 
with a surface orientation of { 1 1 1 } . 

[0037] The first diamond semiconductor layer 12 is detected as n-type 
by an appropriate semiconductor evaluating apparatus or measuring 
apparatus, whereas its carrier concentration (electron concentration) is 
negatively correlated with temperature while the Hall coefficient of a 
conductor is positively correlated with temperature in a part of the 
temperature region where the n-type is detected. The temperature 
region exhibiting such correlations exists at least within the temperature 
region from 0°C to 300°C, preferably over a temperature range of at 
least 100°C, more preferably over a temperature range of at least 200°C. 
By way of example, Fig. 3 shows a case where the above-mentioned 
correlations appear in the temperature range from 100°C to 300°C. At 
temperatures higher than the temperature region mentioned above, it 
will be preferred if the above-mentioned correlations are positive and 
negative for the carrier concentration and Hall coefficient, respectively. 
In Fig. 3, for example, the carrier concentration decreases as 
temperature increases from room temperature to 300°C, but increases as 
temperature increases at higher temperatures. Here, the room 
temperature is 25°C. 

[0038] When forming the first diamond semiconductor layer 12, doping 
with a large amount of the donor elements is effected. For example, it 
will be preferred if the first diamond semiconductor layer 12 contains at 
least 5 x 10 19 cm" 3 in total of at least one kind of donor element. 
Preferably, at least P is contained as the donor element. At least S may 
be contained as the donor element as well. For doping with a large 
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amount of the donor element, it will be preferred if a greater amount of 
the donor element is caused to reach a substrate by optimizing the 
doping gas introduction, e.g., by supplying a doping gas into a chamber 
from a gas inlet provided at a substrate support table such that the 
position for introducing the doping gas into the chamber is placed very 
close to the substrate, keeping the piping cooler than a temperature 
where the doping gas decomposes, and so forth. For doping with a 
large amount of the donor element, it will be preferred if the methane 
concentration in the above-mentioned microwave plasma CVD is very 
low. Namely, the methane concentration is preferably 0.08% or less, 
more preferably 0.03% or less. When the methane concentration is so 
low that it is lower than 0.003%, on the other hand, the growth rate of 
diamond becomes too low to be practical in the film forming, whereby 
the methane concentration is preferably at least 0.003%. 
[0039] For doping with a large amount of the donor element while 
restraining the crystallinity of diamond from deteriorating, it will be 
preferred if an impurity other than the donor element is introduced 
together with the donor element when forming the first diamond 
semiconductor layer 12. Such an impurity is introduced by a 
concentration lower than that of the donor element. Suitable as the 
impurity is Si, whose concentration is preferably at least 1 x 10 17 cm" 3 . 
The effect of enabling very-high-concentration doping with the donor 
element appears at a P/C (ratio between the number of phosphorus 
atoms and the number of carbon atoms) of at least 5,000 ppm in a vapor 
phase when making a P-doped diamond semiconductor by vapor-phase 
growth. The impurity may be Al as well. Doping with the donor 
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element may be effected while artificially causing a distortion or point 
defect in a diamond crystal instead of or together with introducing such 
an impurity. 

[0040] The carrier concentration in the first diamond semiconductor 
layer is preferably always at least 10 16 cm" 3 , more preferably at least 5 x 
10 16 cm" 3 , in the temperature region from 0°C to 300°C. The 
resistivity of the first diamond semiconductor layer 12 is preferably 500 
Qcm or less at least at a temperature within the temperature region from 
0°C to300°C. 

[0041] The effect of the diamond n-type semiconductor 1 according to 
the first embodiment will now be explained. 

[0042] In the diamond n-type semiconductor 1 according to the first 
embodiment, there is a temperature region in which the carrier 
concentration is negatively correlated with temperature while the Hall 
coefficient of a conductor is positively correlated with temperature. 
Consequently, the amount of change in carrier concentration in a wide 
temperature range is smaller than that in the conventional diamond n- 
type semiconductors whose carrier concentration is always positively 
correlated with temperature while the Hall coefficient is always 
negatively correlated with temperature. Specifically, the amount of 
change in carrier concentration in the temperature range from 0°C to 
500°C is less than 3 digits, more preferably less than 1 digit. Similar 
phenomena can be understood also when a plurality of carriers having 
different degrees of mobility are taken into consideration. This is 
because a phenomenon of one carrier decreasing and a phenomenon of 
the other carrier increasing are superposed on each other. Therefore, 
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the diamond n-type semiconductor 1 is widely applicable to various 
semiconductor devices and electron emitting devices. 
[0043] When a multilayer structure is formed by the first diamond 
semiconductor 12 and an n-type layer having a donor element 
5 concentration lower than that of the first diamond semiconductor 12, a 

strong carrier leaking effect from the first diamond semiconductor 12 to 
the n-type layer is obtained. 

[0044] When the above-mentioned temperature range exists over at 
least 100°C within the temperature region from 0°C to 300°C, the 

1 0 amount of change in carrier concentration becomes sufficiently small in 

a wide temperature range. When the above-mentioned temperature 
range exists over at least 200°C, the amount of change in carrier 
concentration becomes further smaller in a wide temperature range. 
The carrier concentration negatively correlated with temperature and the 

1 5 Hall coefficient positively correlated with temperature appearing within 

the temperature region from 0°C to 300°C are very useful when 
applying the diamond n-type semiconductor 1. This is because the 
above-mentioned temperature range is typically included in 
temperatures at which the semiconductor devices and electron emitting 

20 devices are used. 

[0045] When the diamond n-type semiconductor 1 having a resistivity 
of 500 Qcm or less at least at a temperature within the temperature 
region from 0°C to 300°C is employed in a semiconductor device or 
electron emitting device, its contact resistance to an electrode metal 

25 which supplies a current to the device becomes smaller. 

[0046] When the diamond n-type semiconductor 1 whose carrier 
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concentration is always at least 10 16 cm -3 in the above-mentioned 
temperature region is employed in an electron emitting device, its bias 
applying effect becomes remarkable, thereby yielding a favorable 
electron emitting property. 

[0047] When the first semiconductor layer 12 contains more than 5 x 
10 19 cm" 3 of at least one kind of donor element such as P or S element, 
for example, the diamond n-type semiconductor 1 having a sufficiently 
high carrier concentration is obtained. 

[0048] When the first diamond semiconductor layer 12 is formed while 
introducing an impurity element other than the donor element together 
with the donor element, the diamond n-type semiconductor doped with 
a large amount of the donor element can be obtained while preventing 
the crystallinity of diamond from deteriorating greatly. Here, it will be 
preferred if the first diamond semiconductor layer 12 contains Si as the 
impurity element by a concentration of at least 1 x 10 17 cm -3 . In this 
case, the above-mentioned effect of enabling very-high-concentration 
doping with the donor element while keeping the crystallinity of 
diamond from deteriorating is exhibited further remarkably. This 
effect appears at a P/C (ratio between the number of phosphorus atoms 
and the number of carbon atoms) of at least 5,000 ppm in a vapor phase 
when making a P-doped diamond semiconductor by vapor-phase 
growth. 

[0049] The area (b) shown in Fig. 1 is a sectional view showing the 
structure of a second embodiment of the diamond n-type semiconductor 
according to the present invention. The diamond n-type 
semiconductor 2 according to the second embodiment comprises a 
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diamond substrate 10, a first diamond semiconductor layer 12, and 
second semiconductor layers 14a, 14b. On a main surface SI of the 
diamond substrate 10, the second diamond semiconductor layer 14a, 
first diamond semiconductor layer 12, and second diamond 
semiconductor layer 14b are successively formed. These layers can be 
formed by epitaxial growth while utilizing a microwave plasma CVD 
apparatus with an optimized method of introducing a dopant gas for the 
first diamond semiconductor layer 12 and even a normal microwave 
plasma CVD apparatus for the second diamond semiconductor layers 
14a, 14b. The diamond substrate 10 and first diamond semiconductor 
layer 12 are as explained in connection with the first embodiment 
shown in the area (a) of Fig. 1 . In the second semiconductor layers 
14a, 14b turned out to be n-type as with the first diamond 
semiconductor layer 12, on the other hand, the Hall coefficient of a 
conductor is not positively correlated with temperature while the carrier 
concentration is negatively correlated with temperature. Namely, the 
carrier concentration of the second diamond semiconductor layers 14a, 
14b is always positively correlated with temperature or a fixed value 
regardless of temperature. Here, the second diamond semiconductor 
layers 14a, 14b are named so for convenience of distinguishing them 
from the first diamond semiconductor layer 12. 

[0050] In the diamond n-type semiconductor 2 according to the second 
embodiment, carriers leak from the first diamond semiconductor layer 
12 into the second diamond semiconductor layers 14a, 14b adjacent to 
the first diamond semiconductor layer 12. Therefore, the carrier 
concentration of the diamond n-type semiconductor 2 as a whole 
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increases. Here, the carrier leaking effect is particularly high, since the 
carrier concentration of the first diamond semiconductor layer 12 is 
negatively correlated with temperature as mentioned above. 
[0051] One of the second diamond semiconductor layers 14a, 14b may 
be provided alone in the second embodiment. Namely, though both 
sides of the first diamond semiconductor layer 1 2 are covered with the 
second diamond semiconductor layers 14a, 14b in the diamond n-type 
semiconductor 2 according to the second embodiment shown in the area 
(b) of Fig. 1 , only one side of the first diamond semiconductor layer 1 2 
may be covered with the second diamond semiconductor layer 14a or 
14b. Though the second diamond semiconductor layers 14a, 14b are 
provided so as to cover substantially all the areas of the faces of the first 
diamond semiconductor layer 12 in the diamond n-type semiconductor 
2 according to the second embodiment shown in the area (b) of Fig. 1, 
the second diamond semiconductor layer 14a and/or 14b may be 
provided so as to cover only a part of the faces of the first diamond 
semiconductor layer 12. In any case, the second diamond 
semiconductor layer 14a, 14b is provided adjacent to at least a part of 
the first diamond semiconductor layer 12, thus yielding the effect of 
increasing the carrier concentration of the diamond n-type 
semiconductor 2 according to the second embodiment as a whole 
because of the carrier leaking mentioned above. Though only one 
layer of first diamond semiconductor 12 is provided in the diamond n- 
type semiconductor 2 according to the second embodiment shown in the 
area (b) of Fig. 1 , a plurality of semiconductor layers similar to the first 
diamond semiconductor layer 12 may be provided so as to be stacked 
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alternately with a plurality of second diamond semiconductor layers as a 
matter of course. 

[0052] The fact that the carrier leaking effect is particularly strong in 
the diamond n-type semiconductor 2 according to the second 
embodiment will now be explained in more detail with reference to Fig. 
2. In Fig. 2, the area (c) is a diagram concerning the diamond n-type 
semiconductor according to the second embodiment, whereas the areas 
(a) and (b) are diagrams concerning its comparative examples. The 
area (a) shown in Fig. 2 is an energy band obtained when a boron-doped 
layer (B-dope layer) and an undoped layer (undope layer) are stacked. 
In such a structure in which doped and undoped layers are stacked, 
carriers leak from the doped layer into the undoped layer by diffusion in 
general as indicated by arrows in the drawing. Since a potential barrier 
is generated, however, a force acts to pull back the carriers from the 
undoped layer to the doped layer. Therefore, an entropic force caused 
by the diffusion and a potential force caused by a fixed charge compete 
with each other, thereby reducing the leaking force. 
[0053] The area (b) shown in Fig. 2 is an energy band obtained when a 
high-concentration boron-doped layer and a low-concentration boron- 
doped layer are stacked. In this case, as compared with the energy 
band shown in the area (a) of Fig. 2, the carrier pullback force becomes 
smaller, since the potential barrier is lower. However, a force 
competing against the carrier leaking acts anyway, thereby reducing the 
leaking force. In the case of boron, doping with a large amount makes 
the carrier concentration independent of temperature, i.e., constant 
regardless of temperature changes. Also, the effective bandgap 
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becomes smaller, thereby making it harder to implant carriers into 
intrinsic semiconductors. 

[0054] On the other hand, the area (c) of Fig. 2 is an energy band 
obtained when a high-concentration phosphorus-doped layer (e.g., the 
first diamond semiconductor layer 12 in the second embodiment) and a 
low-concentration phosphorus-doped layer (e.g., the second diamond 
semiconductor layer 14a, 14b in the second embodiment) are stacked. 
In this case, the bandgap of the high-concentration phosphorus-doped 
layer is not made smaller, so that no potential barrier substantially 
occurs between the high-concentration phosphorus-doped layer and 
low-concentration phosphorus-doped layer. The carrier leaking effect 
into the low-concentration phosphorus-doped layer rather increases as 
the Fermi level (E F ) decreases. This is one of advantages of the carrier 
concentration negatively correlated with temperature. The above- 
mentioned effect is easier to exhibit as the multilayer structure is thinner. 

i 

[0055] Each of the diamond n-type semiconductors 1, 2 according to 
the first and second embodiments respectively shown in the areas (a) 
and (b) of Fig. 1 is favorably applicable to semiconductor devices such 
as SCR, GTO, SIT, IGBT, and MISFET. When the diamond n-type 
semiconductors 1, 2 are employed for a part or all of n-type layers in 
these devices, for example, the devices can favorably operate in a wide 
temperature range. When the diamond n-type semiconductors 1, 2 are 
employed in a contact part with respect to electrode metals, favorable 
ohmic contact is obtained in particular. When a pn junction is formed 
between the diamond n-type semiconductor and a diamond p-type 
semiconductor, a semiconductor device such as pn diode can be formed. 
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[0056] The diamond n-type semiconductors 1, 2 are also favorably 
employed in electron emitting devices used in displays, electron guns, 
fluorescent tubes, and vacuum tubes. Electron emitting devices 
employing the diamond n-type semiconductors 1 , 2 in electron emitting 
parts can operate favorably in a wide temperature range, while having a 
high electron emitting property. An electron emitting device may also 
be constructed such that a target plate for receiving electrons is charged 
positive while the diamond n-type semiconductor is charged negative. 
[0057] Specific Example 1 

Specific examples of the diamond n-type semiconductor, 
method of manufacturing the same, semiconductor, and electron 
emitting device according to the present invention will now be 
explained. 

[0058] On a 2-mm square monocrystal diamond Ha {111} substrate, 
phosphorus-doped diamond was epitaxially grown under the following 
condition with a microwave plasma CVD apparatus having optimized 
its dopant gas introduction. The growing condition was such that the 
methane concentration (CH4/H2) = 0.003% to 1.0%, the phosphine 
concentration (PH3/CH4) = 1,000 ppm to 200,000 ppm, the power was 
200 W to 400 W, the substrate temperature was 850°C to 1,000°C, and 
the pressure was 100 Torr (1.33 x 10 4 Pa). Further, a C0 2 gas was 
added such that (CO2/CH4) = 0.1% to 10%. This was done in order to 
make the P take-up better than that in the case without C0 2 , though 
films will not be formed if C0 2 is added by the same level as with CH4. 
As a consequence, an epitaxial film having a thickness of 1 to 2 jam was 
formed. Areas, each having a diameter of 200 |im, positioned at four 
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corners of the epitaxial film formed on the substrate were implanted 
with Ar ions, whereby the epitaxial film was graphitized. Thereafter, a 
Ti/Pt/Au electrode was formed, whereby an ohmic electrode was 
obtained. A diamond n-type semiconductor was manufactured by the 
foregoing steps. 

[0059] Though a plurality of diamond n-type semiconductors were 
manufactured under various synthesizing conditions in Specific 
Example 1 mentioned above, they are not always included in diamond 
n-type semiconductors according to the present invention. Only those 
in which the carrier concentration is negatively correlated with 
temperature in a temperature range of at least 100°C within the 
temperature region from 0°C to 300°C while the Hall coefficient of a 
conductor is positively correlated with temperature are included in the 
diamond n-type semiconductors according to the present invention as 
will be explained later. Thus, those without the correlations mentioned 
above are comparative examples for the diamond n-type 
semiconductors included in the present invention. 

[0060] Hall effect measurement utilizing an AC magnetic field 
evaluated n-type determination, resistivity, carrier concentration, Hall 
coefficient, mobility, and the like. Figs. 3, 4, and 5 show results 
obtained by the Hall effect measurement concerning the carrier 
concentration, Hall effect, and resistivity in a typical sample (CH4/H2 = 
0.05%, PH3/CH4 = 22,000 ppm) within the temperature range from 0°C 
to 500°C, respectively. The measured sample was turned out to be n- 
type at 100°C or higher, and the carrier concentration was negatively 
correlated with temperature while the Hall coefficient of a conductor 
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was positively correlated with temperature in the temperature region 
from 100°C to300°C. 

[0061] Fig. 7 is a table concerning a plurality of samples manufactured 
as diamond n-type semiconductors according to the present invention, 
showing conditions under which they were synthesized, conditions 
under which their phosphorus-doped layers were synthesized, and 
measurement results of the Hall effect. 

[0062] The columns of "Correlation of carrier concentration with 
temperature" and "Correlation of Hall coefficient with temperature" in 
the table of Fig. 7 will now be explained. For the uppermost sample 
(CH4/H2 = 0.05%, PH3/CH4 = 200,000 ppm), for example, the above- 
mentioned columns indicate that the carrier concentration and Hall 
coefficient were positively and negatively correlated with temperature, 
respectively, in the temperature range of 700°C to 350°C, and that they 
were negatively and positively correlated with temperature in the 
temperature range of 350°C to 100°C. The column of "N-type 
determination" notes "n-type" when samples were turned out to be n- 
type in the temperature ranges listed in the columns of "Correlation of 
carrier concentration with temperature" and "Correlation of Hall 
coefficient with temperature". As can be seen from Fig. 7, samples 
under specific methane concentration conditions (CH4/H2 = 0.05% to 
0.005%) with a high phosphine concentration (PH3/CH4 = 200,000 
ppm) exhibited the carrier concentration negatively correlated with 
temperature in a temperature range of at least 100°C within the 
temperature region from 0°C to 300°C and the Hall coefficient 
positively correlated with temperature. Also, samples under methane 
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concentration conditions of CH4/H2 = 0.005% to 0.1% with a phosphine 
concentration of 22,000 ppm exhibited the carrier concentration 
negatively correlated with temperature in a temperature range of at least 
100°C within the temperature region from 0°C to 300°C and the Hall 
coefficient positively correlated with temperature. 

[0063] The minimum carrier concentration turned out to be at least 1 x 
10 cm" in any of the samples whose carrier concentration was 
negatively correlated with temperature in a temperature range of at least 
100°C within the temperature region from 0°C to 300°C. This is 
related to the fact that the carrier concentration tends to increase as the 
temperature decreases in a temperature region lower than a certain 
temperature, and thus does not become lower than a fixed amount (i.e., 
the carrier concentration at a boundary temperature between positive 
and negative correlations). While the sample in which CH4/H2 = 0.1% 
and PH3/CH4 = 22,000 ppm yielded the highest resistivity of 300 tlcm 
among the samples exhibiting the negative correlation, the other 
samples exhibited the carrier concentration negatively correlated with 
temperature in a temperature range of at least 200°C within the 
temperature region from 0°C to 300°C. 

[0064] The P atom concentrations determined by SIMS were 8.5 x 10 
to 1.1 x 10 2 %m 3 at 200,000 ppm, 5.1 x 10 19 to 8.3 x 10 19 /cm 3 at 22,000 
ppm, 4.0 x 10 19 to 4.9 x 10 ,9 /cm 3 at 18,000 ppm, 1.9 x 10 19 to 3.7 x 
10 19 /cm 3 at 11,000 ppm, and 6.1 x 10 18 to 8.8 x 10 18 /cm 3 at 1,000 ppm. 
On the other hand, the Si atom concentration was determined and found 
to be not greater than the detection limit (7x10 /cm ) in all the 
samples. 
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[0065] A semiconductor device manufactured in the following manner 
using the above-mentioned diamond n-type semiconductor will now be 
mentioned. Specifically, a pn junction was formed between a layer of 
n-type exhibiting a carrier concentration negatively correlated with 
temperature in a temperature range of at least 100°C within the 
temperature region from 0°C to 300°C and a p-type diamond layer, so 
as to yield a pn diode, while a junction was formed between a layer 
exhibiting a carrier concentration negatively correlated with temperature 
in a temperature range of less than 100°C within the temperature region 
from 0°C to 300°C or a layer exhibiting a carrier concentration only 
positively correlated with temperature without negative correlation and 
a p-type diamond layer, so as to yield a pn diode. When their 
properties were compared with each other, there was a remarkable 
difference between their temperature dependencies. Namely, while the 
rectification ratio and forward resistance of the latter pn diode changed 
by 3 digits or more in the temperature range from 0°C to 500°C, the 
former pn diode changed by only 1 to less than 3 digits. In particular, 
they changed by only 1 to 2 digits in layers whose carrier concentration 
was negatively correlated with temperature in a temperature range of at 
least 200°C within the temperature region from 0°C to 300°C. For 
realizing a property with a smaller amount of change in a wider 
temperature range, the temperature control for devices was much easier 
when a semiconductor device was made by using a diamond n-type 
semiconductor whose carrier concentration was negatively correlated 
with temperature in a temperature range of at least 100°C within the 
temperature region from 0°C to 300°C than when using a diamond n- 
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type semiconductor whose carrier concentration was negatively 
correlated with temperature in a temperature range of less than 100°C 
within the temperature region from 0°C to 300°C or only positively 
correlated with temperature. 

[0066] An electron emitting device manufactured by using a diamond 
n-type semiconductor whose carrier concentration was negatively 
correlated with temperature in a temperature range of at least 100°C 
within the temperature region from 0°C to 300°C as an electron emitter 
(electron emitting part) and an electron emitting device manufactured 
by using a diamond n-type semiconductor whose carrier concentration 
was negatively correlated with temperature in a temperature range of 
less than 100°C within the temperature region from 0°C to 300°C or 
only positively correlated with temperature as an electron emitter 
(electron emitting part) will now be mentioned. Here, the electron 
emitter was subjected to a sharpening process. The following are 
results of comparison between these electron emitting devices. The 
distance between the electron emitter and anode was 100 |im. When 
their threshold voltages (electron emission start voltages) and maximum 
emission current values were compared, the electron emitting device 
using the diamond n-type semiconductor whose carrier concentration 
was negatively correlated with temperature in a temperature range of at 
least 100°C within the temperature region from 0°C to 300°C yielded a 
lower threshold voltage of 550 V or less and a higher maximum 
emission current value. When the carrier concentration was negatively 
correlated with temperature in a temperature range of at least 200°C 
within the temperature region from 0°C to 300°C in particular, the 
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threshold voltage was as low as 500 V or less. The column of 
"Threshold voltage" in Fig. 7 lists the results of measurement of 
threshold voltages concerning the samples manufactured as the diamond 
n-type semiconductors according to the present invention. 
[0067] An electron emitting device obtained by growing in a vapor 
phase a diamond n-type semiconductor whose carrier concentration was 
negatively correlated with temperature in a temperature range of at least 
100°C within the temperature region from 0°C to 300°C on a diamond 
{100} monocrystal substrate having a main surface formed with a 
plurality of minute protrusions and an electron emitting device obtained 
by growing in a vapor phase a diamond n-type semiconductor whose 
carrier concentration was negatively correlated with temperature in a 
temperature range of less than 100°C within the temperature region 
from 0°C to 300°C or only positively correlated with temperature on the 
diamond {100} monocrystal substrate will now be mentioned. Fig. 6 
is a photograph of an electron emitting part in the electron emitting 
device using the diamond n-type semiconductor whose carrier 
concentration was negatively correlated with temperature in a 
temperature range of at least 1 00°C within the temperature region from 
0°C to 300°C. This electron emitting part was arranged such as to be 
symmetrical about a center axis of the electron emitting device seen in a 
vertical direction when rotated by increments of 90 degrees. This 
symmetry will be referred to as "quarter rotation symmetry". This can 
form the electron emitting device regularly, thereby preventing it from 
abutting against its adjacent electron emitting parts. 
[0068] This electron emitting device further comprised four continuous 
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{111} small planes and a {100} small plane disposed at the center and 
leading ends of the small planes. All the electron emitting parts other 
than the one shown in Fig. 6 also had the form shown in Fig. 6. Here, 
it will be preferred if the electron emitting part has a quarter rotation 
symmetry about a center axis which is preferably inclined by 35 degrees 
or less from the vertical direction when the electron emitting device is 
seen in the vertical direction. This is because, when a side wall face of 
a pyramid-shaped electron emitting device forms the minimum angle of 
55 degrees with its bottom face, the limit angle at which the side wall 
face does not become vertical by tilting the protrusions is 35 degrees. 
It will further be preferred if the electron emitting part has a quarter 
rotation symmetry about a center axis which is inclined by 10 degrees or 
less from the vertical direction when the electron emitting device is seen 
in the vertical direction. This can form the electron emitting device 
more regularly and can more reliably prevent it from abutting against 
protrusions of its adjacent electron emitting devices. 
[0069] When the diamond semiconductor contains P as a donor element, 
the electron concentration negatively correlated with temperature and 
the Hall coefficient positively correlated with temperature can easily be 
obtained on the above-mentioned {111} surfaces in a temperature range 
of at least 100°C within the temperature region from 0°C to 300°C in 
the case of vapor-phase growth. Consequently, the electron emitting 
device having this electron emitting part favorably operates over a wide 
temperature range, thereby yielding a high electron emitting property. 
[0070] Specific Example 2 

In a method similar to that of Specific Example 1 mentioned 
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above, Specific Example 2 yielded a diamond n-type semiconductor by 
synthesizing a phosphorus-doped layer doped with not only P but also 
Si as 50 ppm of an SiH* gas (SiHyCH*). Separately, Specific Example 
2 also yielded a diamond n-type semiconductor by synthesizing a 
phosphorus-doped layer while trying to mix Si therein by placing a solid 
supply source for Si (Si semiconductor substrate) near a diamond 
substrate. Unlike Specific Example 1, Specific Example 2 did not add 
a C0 2 gas. 

[0071] Fig. 8 is a table showing conditions under which phosphorus- 
doped layers (diamond semiconductor layers) were synthesized when Si 
was supplied by a gas, Si atom concentrations in SIMS results, and 
measurement results of Hall effect in a plurality of samples (diamond n- 
type semiconductors) manufactured. Fig. 9 is a table showing 
conditions under which phosphorus-doped layers were synthesized 
when Si was supplied by a solid, Si atom concentrations in SIMS results, 
and measurement results of Hall effect in a plurality of samples 
(diamond n-type semiconductors) manufactured. In Fig. 9, two 
samples in the upper part are those in which Si0 2 was supplied as a 
solid. Three samples in the lower part are those in which Si was 
supplied as a solid. 

[0072] As can be seen from the results of Fig. 8, the range of sample 
forming conditions under which the characteristic of the carrier 
concentration negatively correlated with temperature in a temperature 
range of at least 100°C and the Hall coefficient positively correlated 
with temperature was exhibited within the temperature region from 0°C 
to 300°C became broader when Si was mixed by an atom concentration 
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of 1 x lO'Vcm" or more. Namely, though only the samples having a 
phosphine concentration of 22,000 ppm or greater exhibited the 
characteristic of the above-mentioned correlations in Specific Example 
1 mentioned above (see Fig. 7), samples having a phosphine 
5 concentration of 20,000 ppm or less (10,000 ppm and 5,000 ppm in Fig. 

8) also exhibited the above-mentioned characteristic in Specific 
Example 2 as shown in Fig. 8. 

[0073] Among the samples having such correlations, those exhibiting 
the highest resistivity were a sample doped with the SiHi gas (CH4/H2 = 

10 0.1%, PH3/CH4 = 5,000 ppm) and a sample fed with Si by a solid 

(CH4/H2 = 0.05%, PH3/CH4 = 5,000 ppm), each yielding 500 Qcm. 
The sample exhibiting the second-highest resistivity was one doped 
with the SiHj gas {CYUT^i = 0.1%, PH3/CH4 = 10,000 ppm) yielding 
400 Qcm. Diodes and electron emitting devices using the diamond n- 

15 type semiconductors under these conditions attained the effect that the 

amount of change in characteristics of these devices was small with 
respect to temperature as in Specific Example 1. Samples other than 
those mentioned above yielded the carrier concentration negatively 
correlated with temperature in a temperature range of at least 200°C 

20 within the temperature region from 0°C to 300°C. As in Specific 

Example 1, the column of "Threshold voltage" in Fig. 8 lists threshold 
voltages which were measurement results of electron emitting property. 
The case where the carrier concentration was negatively correlated with 
temperature in a temperature range of at least 100°C within the 

25 temperature region from 0°C to 300°C yielded a lower threshold voltage 

of 700 V or less and a higher maximum emission current value. When 
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the carrier concentration was negatively correlated with temperature in a 
temperature range of at least 200°C within the temperature region from 
0°C to 300°C in particular, the threshold voltage was as low as 500 V or 
less. 

[0074] The P atom concentrations as the SIMS results were 9.0 x 10 19 
to 1.3 x 10 20 /cm 3 , 7.3 x 10 19 to 8.8 x 10 19 /cm 3 , 5.1 x 10 19 to 6.5 x 
10 19 /cm 3 , and 9.1 x 10 18 to 2.2 x 10 19 /cm 3 at the phosphine 
concentrations of 22,000 ppm, 10,000 ppm, 5,000 ppm, and 1,000 ppm, 
respectively. 

[0075] As can be seen from Fig. 9, results with a tendency similar to 
those shown in Fig. 8 were obtained also when Si and Si0 2 were 
supplied as solids. Though efficiency and controllability were inferior 
to those in doping with gases, doping with solids were possible. 
[0076] On a 2-mm square monocrystal diamond Ha {100} substrate, 
sulfur-doped diamond was epitaxially grown under the following 
condition with a microwave plasma CVD apparatus having optimized 
its dopant gas introduction. The growing condition was such that the 
methane concentration (CH4/H2) = 0.03% to 2.0%, the hydrogen sulfide 
concentration (H 2 S/H 2 ) = 20,000 ppm to 2,000,000 ppm, the power was 
200 W to 400 W, the substrate temperature was 850°C to 1,000°C, and 
the pressure was 100 Torr (1.33 x 10 4 Pa). This formed an epitaxial 
film having a thickness of 1 to 2 \im. When evaluated as in Specific 
Example 1, all the samples manufactured under the conditions 
mentioned above were turned out to be n-type in at least the temperature 
range from 100°C to 300°C, and exhibited a carrier concentration 
negatively correlated with temperature, a Hall coefficient of a conductor 
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positively correlated with temperature, a resistivity of 480 Qcm or less, 
and an electron concentration of 1.3 x 10 cm or greater. The S 
atom concentration determined by SIMS was 6.0 x 10 19 /cm 3 or greater 
in all the samples manufactured. When temperature dependencies of 
rectification ratio and forward resistance were determined in pn diodes 
manufactured as in Specific Example 1, they changed by only 1 to 2 
digits in all the samples. The threshold voltage determined in electron 
emitting devices manufactured as in Specific Example 1 was as low as 
700 V or less in all the samples. 

[0077] As can be seen from the foregoing specific examples, the 
diamond n-type semiconductor according to the present invention 
exhibits a smaller amount of change in carrier concentration in a wide 
temperature range, and thus can yield a device exhibiting a smaller 
amount of change in device characteristics with respect to temperature 
when employed in a semiconductor device such as diode or an electron 
emitting device. Therefore, the diamond n-type semiconductor 
according to the present invention can publicly be employed in light- 
emitting devices, transistors, and the like. 

[0078] From the invention thus described, it will be obvious that the 
embodiments of the invention may be varied in many ways. Such 
variations are not to be regarded as a departure from the spirit and scope 
of the invention, and all such modifications as would be obvious to one 
skilled in the art are intended for inclusion within the scope of the 
following claims. 
Industrial Applicability 

[0079] The present invention is applicable to semiconductor devices 
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such as SCR, GTO, SIT, IGBT, and MISFET, and electron emitting 
devices partly constituting displays, electron guns, fluorescent tubes, 
vacuum tubes, and the like. 
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